Introduction: Shigella flexneri is a Gram-negative bacteria that has the ability to invade the epithelium of the colon and cause colon ulcers. Methodology: The ability of isolated Shigella flexneri from bloody diarrhea to cause colon ulcers was investigated by histopathological examination via oral administration of the bacteria to adult male albino Sprague-Dawley rats. The antibacterial activity of thyme oil, ciprofloxacin, and their combination were evaluated in vitro and in vivo. Results: Oral administration of 12 × 10 8 CFU/mL of S. flexneri was able to cause colon ulcers. Thyme oil had the highest antibacterial activity among other investigated oils (minimum inhibitory concentration [MIC] 150 µL/L). Ciprofloxacin had the highest antimicrobial activity against S. flexneri (MIC 0.4 mg/L). The synergism between thyme oil and ciprofloxacin showed the maximum growth inhibition of S. flexneri. The synergistic activity of thyme oil and ciprofloxacin succeeded in healing the epithelial surface of the colon and decreased the inflammation of the lamina propria; it also decreased the bacterial load in the infected colon, while the commercial drug failed to heal the colon ulcer. Thyme oil, ciprofloxacin, and their combination showed different degrees of effects on the bacterial cell structure by transmission and scanning electron microscopes. Conclusions: The combination of thyme oil and ciprofloxacin gave synergistic activity, which proved to be more effective in inhibiting the growth of ulcer-forming S. flexneri, healing the colon ulcer, and decreasing infiltration of the lamina propria with inflammatory cells.
Introduction
The digestive tract is lined by a mucus membrane; a break in the mucus membrane lining results in the formation of an ulcer. Ulcers can affect the digestive tract from the mouth to the anus. Symptoms depend on the location of the ulcers. Pain is a usual feature. In cases of deeper ulcers, bleeding may be present. Ulcers can occur due to various causes, which can include infection such as bacteria resulting in stomach ulcers [1] , inflammatory causes such as Crohn's disease and ulcerative colitis, or ingestion of spicy food, alcohol, or medications. In some cases, ulcers may be due to a malignancy.
Members of the genus Shigella are Gram-negative facultative anaerobes and are divided into four species: Shigella flexneri, Shigella boydii, Shigella sonnei, and Shigella dysenteriae. These species are further divided into serotypes based on variations in their O-antigen. Shigella produce both an endotoxin and an exotoxin. The exotoxin is an enterotoxin, like the E. coli heat labile toxin and the cholera toxin, that produces diarrhea. It can also cause an ulceration of the intestine. Upon invasion of a cell, Shigellae produce and excrete another major virulence factor, nicotinamide adenine dinucleotide glycohydrolase (NAD glycohydrolase), which destroys all of the NAD of the human cell and virtually shuts down cellular metabolism, causing cell death [2] .
There have been reports that essential oils (EOs) and antibiotics together are more strongly antimicrobial than their major components individually [3] , which indicates that the minor components play an important role and may have a synergistic effect. The synergistic effect of the major components of EO and antibiotic has been reported in several studies [4] .
Treating bacterial infections by antibiotics is beneficial, but their indiscriminate use has led to an alarming resistance among microorganisms and to the re-emergence of old infectious diseases. Alternative approaches to treatment of infectious diseases are being investigated; examples include the use of plant extracts individually and/or in combination with antibiotics. This latter approach (i.e., combination therapy or synergistic therapy) may lead to new ways of treating infectious diseases and could be useful for patients with serious infections caused by drugresistant pathogens [5] . therefore warrants further investigation. A possible antibiotic for combination therapy is ciprofloxacin, which is a broad-spectrum fluoroquinolone and possesses good activity against Escherichia coli (E. coli) and Staphylococcus aureus. It is active in vitro against Citrobacter spp., Serratia spp., Klebsiella spp., Salmonella spp., and Shigella spp. [6, 7] .
Natural products are a source of synthetic and traditional herbal medicine and are still used in the primary healthcare system. Antimicrobials of plant origins have enormous therapeutic potential [8] . EOs are natural products extracted from vegetal materials, which are characterized with their antibacterial, antifungal, antioxidant, and anticarcinogenic properties. Most of the antimicrobial activity in essential oils is from spices and culinary herbs; cinnamon, thyme, clove, black seed, and oregano appear to be associated with phenolic compounds.
Thyme contains a variety of flavonoids, including apigenin, naringenin, luteolin, and thymonin. These flavonoids increase thyme's antioxidant capacity [9] . Also, it plays a role in eliminating free radicals from the body and even protecting people from certain lung and oral cavity cancers. Thyme oil is used as a germ killer in mouthwashes and liniments. It is also applied to the scalp to treat baldness and to the ears to fight bacterial and fungal infections [10] .
This study focused on the effect of combination therapy between traditional treatment (antibiotic) and an alternative natural product (essential oil) to treat bacterial ulcers. The synergistic activity of thyme oil and ciprofloxacin on inhibiting growth of ulcerforming Shigella sp. and healing of ulcer cellular damage via antimicrobial and antioxidant activity of the combination was examined.
Methodology

Study design
This prospective study included isolation of colonic ulcer-forming bacteria (Shigella sp.) from patients suffering from watery and bloody diarrhea. The ability of isolated Shigella to form colon ulcers was investigated in an animal model to examine the invasion of bacteria through the epithelial surface of the colon and to study the histopathological changes in the colon tissue due to ulcer formation. The rats were divided into six groups; each group contained 25 rats. The negative control rats were not infected with Shigella sp. nor treated but received saline. Infected control rats were orally subjected to Shigella sp. (12 ×  10 8 colony-forming units [CFU]/mL) for 10 days, then received saline only until the end of the experiment. The other four groups were treated (150 µL/L thyme oil, 0.4 mg/L ciprofloxacin, combination group and Azulfidine ) after receiving S. flexneri for 11 days.
During the course of the experimental period, six rats of each group were randomly chosen and sacrificed at days 3, 10, 14, and 21 in order to measure the level of serum total antioxidant capacity, determine the bacterial load in the infected colon, and detect the histopathological changes in the colon by histopathological examination of the colon tissue as adopted from Wassef et al. [11] .
Sample collection
Twenty-two stool samples were collected from patients suffering from watery or bloody diarrhea (between November 2011 and January 2012) at the ElGamaa Hospital, Tanta. The stool samples were collected in clean, sterile containers and subjected to processing for isolation of bacteria.
Processing of stool sample for isolation of bacteria
Fecal specimens were processed based on the guidelines of Centers for Disease Control (CDC) and World Health Organization (WHO) (2003) [12] . One loopful of fecal sample was streaked on SalmonellaShigella media (SS agar, Oxoid, Basingstoke, England) and incubated at 37°C for 24 hours aerobically. Salmonella sp. and Shigella sp. are nonlactose fermenters and form colorless colonies on Salmonella-Shigella agar. H 2 S-positive Salmonella sp. produce black-center colonies. H 2 S-negative Shigella sp. do not produce black-center colonies. Shigella was maintained in nutrient agar slants stored in a refrigerator.
Selection of ulcer-forming bacteria
Adult male albino Sprague-Dawley rats, weighing approximately 100 to 120 g, were given different doses of eight isolates of Shigella sp. (isolated from bloody diarrhea samples) orally for three to four days. Diarrhea usually appeared after 48 hours, with dysentery supervening about two days later. The animals were sacrificed, and their colons were rapidly removed and kept in 10% formalin for morphological and histopathological examinations with haematoxylin and eosin (HE) stain in order to determine the Shigella isolates and the dose which is able to cause ulcers [13] .
Identification of ulcer-forming Shigella sp. by 16S rRNA gene sequence
Polymerase chain reaction (PCR) was performed in a thermal cycler (Bio-Rad MJ Research, Hercules, USA). The 50 μL reaction mixture consisted of 20 ng of genomic DNA, 2.5 U of Taq DNA polymerase, 5 μL of 10 × Taq buffer (100 mM Tris-HCl, 500 mM KCl pH 8.3), 200 μM dNTP, 10 pmoles each universal primers (forward primer AGA GTT TGA TCC TGG CTC AG and reverse primer GGT TAC CTT GTT ACG ACT T), and 2.0 mM MgCl 2 . Amplification included initial denaturation at 94°C for 5 minutes, followed by 25 cycles of denaturation 94°C for 30 seconds, annealing temperature of primers at 50°C for 30 seconds, and extension at 72°C for 1 minute. A final extension at 72°C for 15 minutes was used. A total of 5 μL of the amplified product was then analyzed by submarine agarose gel electrophoresis in 1.2% agarose gel with ethidium bromide at 8 V/cm, and the PCR product were visualized under a gel doc UV transilluminator. The amplified PCR product was gel purified using the QIAGEN gel extraction kit. A total of 100 ng/μL concentration of 16S rRNA amplified product was used for the sequencing [14] by GATC Company using ABI 3730xl DNA sequence using forward and reverse primers (Sigma Scientific Services Co., Cairo, Egypt).
Assay of antibacterial activity
Twenty milliliters of sterilized MacConkey agar was poured into sterile petri plates; after solidification, 100 μL of fresh culture of ulcer-forming Shigella sp.
(1 × 10 6 CFU/mL) were swabbed on the respective plates and then investigated against essential oils or antibiotics to assess antibacterial activity. The wells were punched over the agar plates using a sterile gel puncher. Fifty microliters of different essential oils (clove, cucumber, chamomile, ginger, cinnamon, nigella, garlic, onion, thyme, and oregano) were aliquoted into each well. The antibiotic disks, which included ciprofloxacin, tetracycline, amoxicillin, erythromycin, nalidixic acid, and cefotaxime were placed on the surface of the plates. The plates were incubated at 37°C for 24 hours, and after incubation, the diameter of the inhibition zones were measured in millimeters and recorded as previously described [15, 16] .
Determination of minimum inhibitory concentration (MIC)
A series of culture tubes were prepared, all containing the same volume of the MacConkey medium inoculated with the same concentration (1 × 10 6 CFU/mL) of test microorganism and then added different concentrations of the antimicrobial substances (for thyme oil: 0, 50, 75, 100, 125, 150, and 250 µL/L; for ciprofloxacin: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mg/L). The cultures were incubated at 37°C for 24 hours. The lowest concentration of samples at which the subculture from the test dilution yielded no viable organisms was recorded as the minimum inhibitory concentration [17] .
Synergistic activity
The synergistic activity was examined by a combination of the standard chosen antibiotics and essential oil by the well diffusion method (KirbyBauer technique) using one well in a plate of pathogenic bacteria, the well containing thyme oil 0.5 mg/mL in combination with ciprofloxacin 30 mg/L. The wells were then incubated at the standard conditions for 24 hours at 37°C, and the diameter of the inhibition zones were measured in millimeters around the wells [18] .
Determination of bacterial load in infected colon
The colon was homogenized in a tissue grinder or homogenizer. Each organ was homogenized in 5 mL of sterilized saline solution. The homogenate was serially diluted, and 0.1 mL was plated on SalmonellaShigella media. The plates were incubated at 37°C for 18 hours and the number of colonies was counted in order to record the number of colony-forming units per organ (CFU/organ). Number of bacteria (CFU/organ) = (average number of bacterial colonies/amount plated) × dilution [19] .
Histopathological examination
A portion of the colon tissue was fixed in 2.5% buffered gluteraldhyde and washed three times with phosphate buffer (pH = 7.2). Post fixation with osmic acid, it was washed three times with phosphate buffer (pH = 7.2), dehydrated with serial dilution of ethanol 30, 50, 70, 90, then absolute alcohol. The specimen was then placed in acetone, and then embedded in resin araldite and polymerized in an oven at 65°C for 24 hours for histologic studies [20] .
Detection of serum total antioxidant capacity (TAC)
Serum total antioxidant capacity was measured by detection of TAC of ferric reducing antioxidant power (FRAP) assay. At low pH, reduction of ferric tripyridyl triazine (FeIII TPTZ) complex to ferrous form (which has an intense blue color) could be monitored by measuring the change in absorption at 593 nm. The change in absorbance was directly related to the combined or total reducing power of the electron donating antioxidants present in the reaction mixture [21] .
Effect of antimicrobial substance on bacterial cells
A loopful of bacteria was transferred to a 10 mL test test tube containing MacConkey broth. Essential oils, antibiotics, and the combination of the two were incubated with bacteria at 37°C for 18 hours. Changes in morphology of the bacteria were photographed under a scanning electron microscope (model JEOL, JSM-5200 LV; JEOL, Tokyo, Japan) in the electron microscope unit of Tanta University. Changes in the ultrastructure of bacteria were photographed under a transmission electron microscope (model JEOL-JEM-100 SX electron microscope) at the electron microscope unit of the Faculty of Medicine of Tanta University. Authors please include name, city and country of manufacture.
Statistics
The comparison between the different parameters are analyzed by the ANOVA one-way test and Student's t-test using SPSS version 17.0. Significance was set at p < 0.05.
Results
Isolation of Shigella sp.
In the present investigation, fourteen isolates of Shigella spp. were isolated from stool samples, six isolates from watery diarrhea, and eight isolates from bloody diarrhea.
Selection of ulcer-forming Shigella sp.
Only one Shigella sp. (isolate no. 3) of eight investigated isolates was able to cause an ulcer after three days of oral administration with 12 × 10 8 CFU/mL. The ability to form ulcers was detected via the invasive effect of Shigella spp., which was clearly noticed through focal loss of surface epithelium, infiltration of lamina propria with inflammatory cells (Figure 1) , and the area of sloughed necrotic and desquamated epithelium (Figure 2) .
Identification of ulcer-forming Shigella sp.
The 16S rRNA gene sequence of Shigella sp. was compared to that in GeneBank, and the phylogenetic tree was constructed. The obtained sequence proved that Shigella spp. (isolate no. 3) was Shigella flexneri strain ATCC 29903.
Antibacterial activities of some essential oils against S. flexneri ATCC 29903
The obtained data revealed ( Table 1) that thyme oil had the highest antibacterial activity of all the investigated oils.
The effect of different concentrations of thyme oil on Shigella flexneri growth revealed that with increasing concentration of oil, the growth decreased until 150 µL/L (complete inhibition), as shown in Table 2 . All data represented the means of three replicates ± standard deviation; F value is 1247.163; P value is 0.000 11.44 ± 1.13 Tetracycline (50 µg) 0.00 ± 0.00 Nalidixic acid (10 µg) 24.89 ± 0.93
All data represented the means of three replicates ± standard deviation; F value is 1191.560; P value is 0.000 
Sensitivity of S. flexneri ATCC 29903 against commonly used antibiotics
Among six tested antibiotics, ciprofloxacin (10 µg) recorded the highest antimicrobial activity against S. flexneri, as shown in Table 3 . The effect of different concentrations of ciprofloxacin against S. flexneri revealed that by increasing the concentration of the antibiotic, the growth of S. flexneri decreased and complete inhibition of growth occurred at 0.4 mg/L as shown in Table 4 .
Determination of bacterial load in infected colon
The obtained data revealed ( Table 5 ) that bacterial load in the infected control increased with time (21 days). All treatments were able to reduce the bacterial load with time, and the lowest bacterial count was detected after 21 days. Among different treatments, the combination between thyme oil and ciprofloxacin gave the highest reduction rate in bacterial count, up to 81%, in the infected control group.
Histopathological examination
The normal architecture of the colon was observed in control group as shown in Figures 3a and 3b . The rats infected with S. flexneri ATCC 29903 showed damage in the colon tissue and penetration of the bacteria through the epithelial cells as evidenced by pathologic changes in the architecture of the colon, namely ulceration and intense infiltration of eosinophil in the lamina propria (Figures 3c and 3d) . Infected rats treated with thyme oil showed a decrease in histopathological changes in the epithelial surface and also the extracellular release of eosinophil granules (Figures 3e and 3f) . The group of rats treated with ciprofloxacin showed vaculation in infiltrated bacteria within the epithelial cells in the lamina propria (Figures 4a and 4b) . The combination treatment of thyme oil and ciprofloxacin showed better protection as observed by the healing of the colon ulcer and the decrease in the infiltration of the lamina propria (Figures 4c and 4d ). Rats treated with commercial drugs showed that commercial drugs failed to heal the colon ulcer but decreased the inflammation that was present in the lamina propria (Figure 4e and 4f) .
Determination of serum total antioxidant capacity (TAC)
Serum TAC had been measured at different times. The obtained results revealed that no significant changes had been recorded among different groups after 3 days. The TAC was significantly decreased in all groups compared to non-infected controls after 10 days. A significant increase in the TAC was observed after 14 and 21 days of thyme oil and combination treatments compared with the infected control group.
Effect of antimicrobial substances and the combination between them on bacterial cells
Rupture in the bacterial cell, shrinking of the bacterial content with irregularity, and distortion in the cell wall were the results of using antimicrobial substances as shown in Figure 6 (c, d, e, f, g, h) and Figure 7 (b, c, d ) compared to normal cells shown in Figure 6 (a, b) and Figure 7 (a) . Also, the results revealed that all previously mentioned effects occurred with more frequently after treatment with synergistic mixture followed by thyme oil, and the lowest percentage of effects was observed with ciprofloxacin.
Discussion
This study aimed to discover a new approach to the treatment of colon ulcers resulting from infection with Shigella flexneri ATCC 29903 via combination therapy of two substances. The synergistic activity of a new combination between thyme oil and ciprofloxacin inhibited bacterial growth, healed cellular damage of colon ulcers, and reduced inflammation.
Pathogenesis of S. flexneri was based on the bacteria's ability to invade and replicate within the colonic epithelium, which resulted in severe inflammation and epithelial destruction [22] . S. flexneri is highly infectious, requiring as little as 100 cells to cause disease in adult volunteers [23] . This low infective dose was in part attributed to S. flexneri's ability to survive the low acidity of the host's stomach, via an up-regulation in acid resistance genes [24] . Once Shigella reached the colon, they began to invade the mucosa, penetrating, replicating within, and spreading between the mucosal epithelial cells. This behavior and the subsequent inflammatory response of the host destroyed the colonic epithelial layer, generating the clinical symptoms of shigellosis [25] . Based on previous studies, the present study choose ulcer-forming Shigella for to its ability to penetrate and damage surface epithelium. Histopathological examinations with HE stain showed the invasive effect of Shigella sp. by its causing focal loss of surface epithelium (ulcer), infiltration of lamina propria with inflammatory cells, and areas of sloughed necrotic epithelium.
Shigella flexneri bacilli invaded the surface epithelium, multiplied, migrated laterally from cell to cell, and entered the lamina propria. Finally, superficial ulceration and bleeding occured. Histopathological examination in the present study showed that S. flexneri succeeded in the penetration of the epithelial surface of the colon and surrounded itself by an irregular lytic area, which resulted in marked reduction in microvilli and eosinophillic infiltration in the lamina propria. Similarly, Wei et al. [2] found that Shigellae produced and excreted another major virulence factor, nicotinamide adenine dinucleotide glycohydrolase (NAD glycohydrolase), which destroyed all of the NAD of the human cells and virtually shut down cellular metabolism, causing cell death. In this way, Shigella penetrated the epithelial cells.
The results obtained from the present study revealed that thyme oil had the greatest antibacterial activity of origanum oil, cinnamon oil, clove oil, and nigella oil against S. flexneri. Also, antioxidative properties of thyme helped to reduce oxidative stress in the colon during ulcer formation and led to a reduction of inflammation in the colon, consequently helping to heal the surface epithelial cells of the colon. These results were in agreement with Abo-Ghalia et al. [26] and Venturini et al. [27] , who detected antibacterial activity of thyme oil. Thymol has been shown to exhibit multiple biological activities, including anti-inflammatory [28] , immunomodulating [29] , antioxidant [30] , antibacterial [27] , and free radical scavenging properties [31] . Studying the effects of ciprofloxacin and levofloxacin administration on some oxidative stress markers in rats revealed that ciprofloxacin and levofloxacin induced oxidative stress [32] . Also, the studies of Dhamidharka et al. [33] and Pouzauaud et al. [34] reported that the generation of reactive oxygen species by fluoroquinolones resulted in cellular damage to the liver and kidneys due to increase the oxidative stress.
The WHO recommends the use of ciprofloxacin as the first-line antibiotic in suspected Shigella dysentery but also suggests that this choice should be based on sensitivity patterns of Shigella strains recently isolated in the area [35] . The present study used different antibiotics against S. flexneri in order to inhibit its growth. Ciprofloxacin, tetracycline, amoxicillin, erythromycin, nalidixic acid, and cefotaxime were tested against S. flexneri. Ciprofloxacin had the highest antibacterial activity against S. flexneri, with 75% reduction in the growth. It decreased the bacterial load in infected colons. Ciprofloxacin decreased the total antioxidant capacity because it increased the oxidative stress in the cells; it therefore failed to heal the colon ulcer, and it did not affect the inflammation of the colon. Histopathological examination showed the vaculation in penetrated bacterial cells in the colon epithelium due to the antibacterial activity of ciprofloxacin. There was focal loss of microvilli and junctional complexes, which indicates that ciprofloxacin had no effect in healing the colon ulcer.
In vitro synergistic effects of different spices and herbs (Rosmarinus officinalis, Coriandrum sativum, Micromeria fruticosa (L.), Cumium cyminum, Mentha piperita) with gentamicin, cephalothin, ceftriaxone, and nystatin against 13 microbial species were investigated [36] . The combination of plant extracts and antibiotics may reduce drug resistance. Similar to previous findings, the present study found that a combination of thyme oil and ciprofloxacin was able to inhibit the growth of S. flexneri better than did using each method alone. The synergistic activity between thyme oil and ciprofloxacin decreased the bacterial load in the infected colon due to the enhanced antibacterial activity of thyme oil and ciprofloxacin. Also, the combination increased the total antioxidant capacity due to the antioxidative properties of the thyme oil so that it decreased cellular damage, helped to heal the colon ulcer, and also decreased the inflammation of the colon. The synergistic activity of combination therapy could help in the healing of cellular damage. The commercial drug Azulfidine was used as an anti-inflammatory drug to decrease the symptoms of colon ulcers. The histopathological examination of the colon tissue treated with Azulfidine showed no effect in disruption of colonocyte and had no effect on intracellular bacilli; it only decreased the infiltration in the lamina propria of macrophage engulfing eosinophil granules. These results are in agreement with Loftus et al. [37] , who studied the effect of Azulfidine as an anti-inflammatory drug.
The changes in the bacterial cells in response to combination therapy of thyme oil and ciprofloxacin were recorded by an electron microscope. Changes on the bacterial cell wall surface included irregularity, rupture and shrinking of the bacterial cells, lysis, and distortion of some of the cells. The previous recorded effects had occurred on the bacterial cells treated with ciprofloxacin or thyme oil rather than synergism between them. The effect of synergistic combination between thyme oil and ciprofloxacin on the bacterial cells was better or stronger than using ciprofloxacin or thyme oil alone.
Conclusions
The synergistic combination of ciprofloxacin and thyme oil revealed remarkable antibacterial, antiinflammatory, and healing activity against colon ulcers resulting from Shigella flexneri ATCC 29903 infection.
